The effects of the PufX polypeptide on membrane architecture were investigated by comparing the composition and structures of photosynthetic membranes from PufX contain crystalline membranes with a pseudo-hexagonal packing of monomeric core complexes. Analysis of purified complexes by electron microscopy and atomic force microscopy shows that LH1 and PufX form a continuous ring of protein around each RC. A model of the tubular membrane is presented with PufX located adjacent to the stained region created by a vacant LH1b. This arrangement, coupled with a flexible ring, would give the RC Q B site transient access to the interstices in the lattice, which might be of functional importance. We discuss the implications of our data for the export of quinol from the RC, for eventual reduction of the cytochrome bc 1 complex.
Introduction
The detailed visualisation of the intact machinery of a biological membrane presents a major challenge in structural biology. Exploration of the machinery involved in the conversion of light energy to proton-motive force can be undertaken because the purple photosynthetic bacteria offer a unique system for obtaining and integrating structural and functional information. These bacteria, exemplified by Rhodobacter sphaeroides, require only four protein-pigment complexes for the transduction of light energy: a peripheral light-harvesting complex (LH2), a central light-harvesting apparatus (LH1), which complexes with the photochemical reaction centre (RC), and a proton translocating cytochrome bc 1 complex.
The work described in this paper builds upon models for the individual components of this machinery obtained from the application of electron cryomicroscopy (cryoEM) and X-ray crystallography. The RC was the first membrane protein structure determined by X-ray crystallography (Deisenhofer et al, 1985; Allen et al, 1987) . A similar level of structural detail is available for the LH2 complexes from Rhodopseudomonas acidophila and Rhodospirillum molischianum (McDermott et al, 1995; Koepke et al, 1996) , as is a 6 Å resolution projection map of the Rb. sphaeroides complex (Walz et al, 1998 ). An B8.5 Å cryoEM projection of the RC-LH1 complex shows that it consists of a 115 Å LH1 ring completely enclosing the RC, and is composed of 16 subunits in Rhodospirillum rubrum (Karrasch et al, 1995; Jamieson et al, 2002; Qian et al, 2003) . Each subunit of LH1 consists of one a and one b polypeptide, and two bacteriochlorophylls (Bchl). This complete encirclement of the RC raises the question of how quinol molecules are exported from the RC to the quinone pool, prior to reducing the cytochrome bc 1 complex. The observation that the LH1 ring can adopt both circular and elliptical forms was taken as evidence of its flexibility; this might allow 'breathing' motions to open the ring transiently and release quinol (Karrasch et al, 1995; Jamieson et al, 2002; Fotiadis et al, 2004) .
The discovery that bacteria such as Rb. sphaeroides and Rhodobacter capsulatus possess an extra polypeptide, PufX, adds another layer of complexity to the issue of quinol export from the RC. This protein is required for photosynthetic growth in these species (Farchaus et al, 1992; Lilburn et al, 1992; McGlynn et al, 1994; Barz et al, 1995a, b) and was proposed to form part of the LH1 ring, acting as a portal for quinol export (Cogdell et al, 1996) . PufX is proposed to have a single transmembrane span, and has a cytoplasmically exposed N-terminus (Pugh et al, 1998) . It associates with the LH1 a polypeptide in vitro (Recchia et al, 1998) , although its association with the RC appears to precede encirclement of the RC by LH1 (Pugh et al, 1998) . Very recently, an X-ray crystal structure of an RC-LH1 complex from Rhodopseudomonas palustris at 4.8 Å resolution has shown that the RC is surrounded by 15 LH1 subunits, as well as a PufX-like polypeptide (Roszak et al, 2003) .
This wealth of structural data on the individual complexes invites investigation into the next level of complexity -the supramolecular organisation of the individual complexes within a functional photosynthetic membrane. Fortunately, there are several examples of the natural crystallinity of such membranes in the photosynthetic bacteria, which allow investigation by electron microscopy (EM) and atomic force microscopy (AFM) (Miller, 1982; Stark et al, 1984; Jungas et al, 1999; Scheuring et al, 2003) . In each case, the peripheral LH2 complex was absent, either naturally or as a consequence of mutation. It has been known for a long time that although bacteria such as Rb. sphaeroides normally synthesise spherical intracytoplasmic membranes (ICMs), tubular membranes are formed in the absence of LH2 (Hunter et al, 1988; Golecki and Heinrich, 1991; . These membranes contain an ordered array of proteins when analysed by EM (Sabaty et al, 1994; Jungas et al, 1999; Westerhuis et al, 2002) . The data of Jungas et al were obtained on membranes containing RC-LH1-PufX complexes and were therefore especially intriguing, because this was the first structural information on any complex containing PufX. This analysis offered an explanation for how quinones could pass from the RC to the cytochrome bc 1 complex, by suggesting that the RC is not surrounded by a complete ring of protein and that core complexes may be organised in dimeric complexes consisting of a partially open 'S'-shaped LH1 assembly, with an intervening cytochrome bc 1 complex. Linear dichroism (LD) showed that PufX was responsible for the ordering of RC-LH1-PufX complexes in the membrane, and that in the absence of PufX the natural crystallinity of the membrane was abolished (Frese et al, 2000) .
These remarkable effects of PufX now require further investigation. Specifically within tubular membranes, it is important to establish whether the cytochrome bc 1 complex is really associated with the RC-LH1-PufX complex as proposed (Jungas et al, 1999) and whether the RC is only partially enclosed by LH1 and PufX. Secondly, it is important to establish the significance of these ordered membranes in the photosynthetic mechanism. In this paper, we describe the separation of a variety of natural membrane types including the tubular vesicles, and show that specifically for these tubular vesicles there are no detectable levels of cytochrome bc 1 complex. Moreover, we use AFM to show that purified and reconstituted RC-LH1-PufX complexes form a continuous ring of polypeptides around the RC, inconsistent with the notion of a permanently open ring, at least in vitro. In addition, this study was augmented by the preparation of membranes lacking PufX. Again, a proportion of these membranes is highly ordered, but they form flat sheets containing monomeric RC-LH1 units, highlighting a role for PufX in promoting the formation of long-range helical arrays of dimeric core complexes. Figure 1A) . The membranes appeared similar to those observed previously (Hunter et al, 1988; Sabaty et al, 1994) and were up to B2 mm in length and B0.1 mm in diameter. PufX À cells contained large membranous structures up to 0.4 mm in diameter, but these were never elongated ( Figure 1B ). The PufX polypeptide therefore appears to be an absolute requirement for the formation of elongated membranes in LH2 À Rb. sphaeroides.
Results

Cell
Purification of ICMs
Membrane fragments were initially separated on 15/40/50% w/w sucrose gradients. For both strains, major coloured membrane bands were found at the 15/40% interface (bands 1) and 40/50% interface (bands 2) (Figures 2A and D) . Electron micrographs of band 1 from each strain revealed small vesicles (Figures 2B and E) . These ICM vesicles had a maximum diameter of B0.4 mm. Similar ICM vesicles were found in bands 2 ( Figures 2C and F) . However, in addition, for band 2 from PufX þ cells, we observed a high proportion of elongated tubules ( Figure 2C ). For band 2 from PufX À cells, we found that the average size of the vesicles was higher than for band 1, up to a maximum of B1 mm in diameter, with many of these having the appearance of ordered 2D arrays of protein and lipid ( Figure 2F ). These large ordered arrays were The results of SDS-PAGE analysis of bands 1 and 2 from the PufX þ gradient are shown in Figure 3A . This silverstained gel reveals proteins running close to the molecular weights expected for the RC L, M and H subunits (B22, B25 and B30 kDa, respectively). We probed these fractions with antibodies generated against a preparation of subunit IV of the cytochrome bc 1 complex. This preparation contained small amounts of other components of the complex and these are also detectable in Western blots as shown in Figure 3B . These blots show that PufX þ membranes from bands 1 and 2 contain the cytochrome bc 1 complex (subunit IV at B15 kDa, the Rieske Fe-S protein at B23 kDa, and cytochrome c 1 at B31 kDa). Similar silver staining and Western blot data were obtained for bands 1 and 2 from PufX À cells (data not shown).
Purification of native crystalline vesicles and tubes
In view of the demonstration of different membrane types in the band 2 samples ( Figures 2C and F) , we subjected these to a second centrifugation step on a continuous sucrose gradient of 30-50%. The PufX þ and PufX À samples each yielded two distinct, coloured membrane bands (data not shown). Silverstained SDS-PAGE indicated that the upper bands in the second gradient contained several proteins, including those of the RC, LH1 and cytochrome bc 1 complexes (data not shown). Figure 3C (left) shows that, in contrast, the silver stain detected only five polypeptides in membranes from the lower PufX þ band, arising from RC and LH1 complexes; PufX is not detected by silver staining. EM confirmed that this lower band consisted only of tubular membranes; an example is shown in Figure 3F . The analogous lower band from the PufX À experiment gave an almost identical silver-staining pattern ( Figure 3C , right). EM showed this band to contain only large crystalline vesicles and sheets as displayed in Figure 3G . The presence of PufX in the tubes from the PufX þ strain and its absence in sheets from the PufX À strain was confirmed by Western blotting using an anti-PufX antibody ( Figure 3D ). We also probed the pure PufX þ tubes and PufX À sheets for the cytochrome bc 1 complex in a Western blot analysis. Figure 3E shows that purified tubes and sheets from the second sucrose gradients contain no detectable cytochrome bc 1 complex. The membranes in this study were prepared from cells grown semiaerobically in the dark, to permit a direct comparison between PufX þ and PufX À cells, given that the latter strain is not capable of photosynthetic growth. PufX þ cells were also grown photosynthetically, and their tubular membranes were analysed by silver-stain SDS-PAGE and EM. These membranes were essentially identical to those from semiaerobically grown cells, and they had no detectable cytochrome bc 1 complex (data not shown). Absorbance spectra were recorded in order to provide further evidence for the enrichment of RC-LH1 complexes and the lack of the cytochrome bc 1 complex in the purified PufX þ tube and PufX À sheet fractions. Figure 4A shows spectra comparing membranes from the first sucrose gradient in Figures 2A and D and from the second gradient, normalised according to protein concentration. The effect of purification of the membrane is clearly seen, with the tubes and sheets in Figure 4A (a) and (b) enriched in LH1 complexes, which absorb at B875 nm. The spectra in Figure 4B are reduced minus oxidised difference spectra, which display peaks at B550 and B560 nm, arising from c-and b-type cytochromes, respectively. These spectra do not discriminate between the many types of cytochrome that exist in these cells, but they do provide a qualitative guide to the amount of cytochrome bc 1 complex in each fraction. It is clear that the relatively crude membrane fractions corresponding to bands 1 and 2 from the first sucrose gradients contain the highest levels of cytochrome ( Figure 4B , spectra c, e), and that the purified PufX þ tubes (after the second centrifugation) (spectrum a) and PufX À sheets (spectrum b) contain no detectable cytochrome, consistent with the Western blotting data. (Valpuesta et al, 1994) showed the data at this resolution to be consistent with p2 symmetry (Table I) . A projection map of the PufX þ crystal averaged from five images is shown in Figures 5A and B with p2 symmetry imposed. The significant features are the dimeric 'S'-shaped stain-excluding density, enclosing two central densities. Each 'C'-shaped unit within this 'S' shape forms an apparent ellipse. Given that even the highly sensitive silver-stain method ( Figure 3C ) detects only the three RC subunits and the LH1 a and b polypeptides (PufX is not detected by this stain), we conclude that the densities in the EM projection map can be attributed solely to the RC-LH1-PufX complex.
Electron crystallography of naturally crystalline PufX
It is essential to compare this density map with one obtained from naturally crystalline membranes isolated from PufX À cells, in order to assign the features and organisation imposed by PufX. Figure 5G shows a Fourier transform from one image of a PufX À sheet. At the resolution attained, we have not been able to distinguish between an oblique primitive or a larger unit cell (e.g. orthorhombic), the RC-LH1 complexes simply appearing as stain-embedded quasihexagonally close-packed rings. Figures 5E and F show a map averaged with p1 symmetry from four independent images
The stain-excluding densities appear as independent intact ring structures, each enclosing a central RC. It should be noted that at this resolution no significance should be attributed to density variations of one or two contour levels or to small deviations from the circular symmetry of the LH1 ring. Individual subunits would not be distinguishable at this resolution.
Purification, reconstitution and crystallisation of RC-LH1 complexes
The S-shaped density observed in the projection map of the natural tubes in Figures 5A and B appears to show that there is a gap in the LH1 structure. In order to examine this in a different way, we purified RC-LH1-PufX complexes and reconstituted them into 2D crystals as described previously (Qian et al, 2003) . Figures 5D and H show a projection map calculated from the negatively stained 2D crystals. The crystals appear to contain monomeric complexes where the central RC density is fully encircled by the LH1 complex. Western blot analysis confirmed the presence of PufX in these crystals (data not shown). Crystals were tightly packed with complexes and we found no evidence for separate clusters of PufX. Given the very limited resolution, we have assigned a primitive oblique unit cell (aEbE142 Å , g ¼ 1201) containing one RC-LH1 unit. Fourier filtered images from these reconstituted crystals showed no evidence of the apparent dimeric units found in the natural PufX þ tubes, nor the gaps in the LH1 ring.
AFM analysis of individual RC-LH1-PufX complexes
The reconstituted 2D crystals were somewhat disordered and we could not exclude the possibility that Fourier filtering of EM images averaged out gaps in the LH1-PufX ring. In order to circumvent this problem, we undertook an AFM analysis of the crystals. This was intended to show the arrangement of the LH1 complex in individual molecules. The advantage of the reconstituted crystals over the natural tubes is that they form large flat areas more amenable to AFM analysis. We have not obtained molecular resolution AFM images of native membrane tubes to date. Figure 6 shows a progression in terms of scanning sequence and magnification. Figure 6A shows the results of an initial scan of the 2D crystal, where little detail is visible, and most notable is the large number of bright features, which correspond to the RC-H subunit, by analogy with data obtained on 2D crystals of the RC-LH1 complex of Rs. rubrum (Fotiadis et al, 2004) . This study also highlighted the difficulties of obtaining detailed information on the LH1 complex when the large cytoplasmic surface of the RC-H subunit is present. We found that in contrast to the relatively stable Rs. rubrum complex, the RC-H subunit of the Rb. sphaeroides RC-LH1-PufX complex is easily removed by nanodissection and so successive scans were used to remove this interfering subunit, producing the field of images first in Figure 6B and then in Figure 6C . This final image clearly shows that all the LH1-PufX rings are complete. Other interesting features have been revealed for the first time, including the presence of a major population of LH1 complexes of B113 Å diameter and some larger ones of up to B134 Å , perhaps corresponding to rings of up to 18 abBchl 2 units. 
Discussion
It is well established that the PufX polypeptide plays a crucial role in the function and organisation of the components of bacterial photosynthesis (Farchaus et al, 1990; Lilburn et al, 1992; McGlynn et al, 1994; Barz et al, 1995a, b; McGlynn et al, 1996; Frese et al, 2000) . However, there have been no detailed reports of a direct visual comparison of the effects of PufX on membrane architecture at a molecular level. In this paper, we have shown that PufX has a dramatic influence on the global organisation of the membranes in which it is inserted, with important implications for the way in which these RC-LH1 complexes interact with each other and how they export quinol.
Effect of PufX on membrane morphology and on the organisation of RC-LH1-PufX complexes EM of cell sections of LH2
À mutants (Figure 1 ) provides the first clue to the crucial role of PufX in determining the morphology of photosynthetic membranes and the shape of the cell. In the presence of PufX highly elongated tubular membranes are synthesised, whereas in its absence membranes with the appearance of large vesicles are assembled. For both strains, membrane fractionation has yielded two populations of membranes: small ICM vesicles ( Figures 2B  and E ) and large crystalline vesicles ( Figures 2C and F) . The small ICM vesicles are typical of the 'chromatophores' commonly described for several species of wild-type purple bacteria (e.g. Schachman et al, 1952; Drews and Golecki, 1995) . They contain RC, LH1, cytochrome bc 1 complex and a number of other proteins; they were not suitable for detailed microscopic analysis and we are not yet able to analyse the effect of PufX on their structure. However, for the ordered tubular and sheet-like membranes, the EM data in Figures 2C and F show that the presence or absence of PufX is a critical determinant of membrane morphology. This provides a direct visual confirmation that PufX enforces a long-range ordering of at least a proportion of the photosynthetic membrane in vivo, as originally detected by LD (Frese et al, 2000) . In the presence of PufX, it is likely that tubes are formed as a natural consequence of a slight tilt of one dimer in relation to the next one along the longitudinal plane. In the absence of PufX, membranes composed of monomeric RC-LH1 complexes form vesicles often opening out to extended flat sheets, reminiscent of those naturally found in Blastochloris viridis, which also lacks a PufX analogue. The characteristics of these membranes are a pseudo-hexagonal close packing of core complexes, each made up of an intact ring of LH1 density surrounding a single RC (Miller, 1982; Stark et al, 1984; Walz and Ghosh, 1997; Stahlberg et al, 1998; Walz et al, 1998; Jamieson et al, 2002; Scheuring et al, 2003) .
Projection structure of the RC-LH1-PufX complex in vivo -an open 'C'-shaped LH1 ring?
The apparent opening of the LH1 ring in the tubes containing RC-LH1-PufX complexes to form a 'C' shape ( Figures 5A and  B ) must be reconciled with the negative stain EM projection map for the purified RC-LH1-PufX complex in Figures 5D and H and with the AFM data ( Figure 6 ), both of which show a continuous ring of density surrounding the RC. EM and AFM report on different features: projected density averaged over multiple complexes and surface topography of individual complexes, respectively. In our AFM images we are not able to resolve the surfaces of separate a and b polypeptides, and so if just one a was replaced by PufX, it is unlikely that the vacant b position would be visible; the ring would appear intact. By contrast, negative stain EM reports on projected density of stain that has penetrated to varying depths throughout the sample, and not just on upper or lower surfaces. Any 'notch' left by a vacant b subunit on the outer part of the ring would very likely fill with stain. This could account for the stained 'gap' (dashed contours) in the LH1 in Figure 5B . AFM shows that reconstituted 2D crystals have individual complexes with cytoplasmic faces in both 'up' and 'down' orientations, distributed in a quasi-random fashion. In contrast, these two orientations would have been averaged in our EM analysis, making the LH1 ring appear continuous ( Figures 5D and H) . We note that an X-ray crystal structure of the RC-LH1 complex of the closely related Rps. palustris indeed shows a closed ring of 15 ab subunits, one PufX type polypeptide and a single vacant b subunit (Roszak et al, 2003) . We have modelled the projection of such a structure at 30 Å resolution and find indeed that a large apparent 'gap' is seen, despite the RC being fully encircled with protein (data not shown). Moreover, a continuous ring containing PufX (Cogdell et al, 1996) is consistent with the binding of PufX to the LH1a polypeptide (McDermott et al, 1995; Recchia et al, 1998) and its copurification with the RC-LH1 complex (Farchaus et al, 1992 ; Pugh et al, 1998; Francia et al, 1999). An additional factor that could account for a variation in contrast around the ring in dimers is that the monomers within a pair of RC-LH1-PufX complexes could be mutually tilted towards one another. The capacity of LH and RC complexes to tilt has previously been demonstrated (Walz et al, 1998; Katona et al, 2003) .
PufX promotes the formation of dimeric RC-LH1 core complexes in vivo
The projection map of PufX þ tubes in Figures 5A and B appears to consist of pairs of fused, elongated 'C' shapes, each arising from an LH1 complex. At the resolution achievable, the Fourier phases are fully consistent with p2 symmetry (Table I) , with one of the two-fold symmetry axes located at the point of fusion of the two 'C' shapes, this being the most likely dimer interface. We found no extra protein density lying at this two-fold axis that could be attributed to PufX, although this interface has been proposed as the PufX location for reconstituted RC-LH1-PufX crystals (Scheuring et al, 2004) . The striking difference between the projection maps in Figures 5A and E is attributable solely to PufX; this is an in vivo counterpart to the results on detergentsolubilised complexes, which showed that PufX promotes the formation of dimeric core complexes (Francia et al, 1999) . Our data are also consistent with EM and AFM studies of membranes from the naturally PufX À bacterium B. viridis, none of which has demonstrated any dimeric particles (Miller, 1982; Scheuring et al, 2003) . Similar membranes were analysed by LD (Frese et al, 2000) to show that PufX induces a specific orientation of the RC in the LH1 ring, as well as the formation of a longrange regular array with the Q y transition of the special pair Bchls of the RC lying at an angle of B801 with respect to the long axis of the tubular membrane. The diagram in Figure 7 shows a hypothetical model for the arrangement of two monomeric RC-LH1-PufX core complexes, positioned according to the LD data (Frese et al, 2000) , with the Q y transition dipoles (red lines) lying at B801 to the tube long axis (arrow). We have chosen one of four possible ways of achieving this orientation relative to the tube axis. Firstly, we note that the long axis of the RC lies in the same direction as the long axis of the LH1 ellipse, consistent with the analyses of elliptical core complexes by EM (Jamieson et al, 2002) and AFM (Fotiadis et al, 2004) . Secondly, although we have already stated that there is complete continuity in protein surrounding the RC, since PufX binds to LH1a (Recchia et al, 1998) , it is likely that there would be a corresponding discontinuity in the outer LH1b ring (Roszak et al, 2003) . We suggest that PufX is located adjacent to the apparent opening in each 'C' shape where there is heavier staining in place of the vacant LH1b. This arrangement, coupled with a flexible ring, would give the RC Q B site transient access to the interstices in the lattice, which might be functionally important.
Existence of an RC-LH1-PufX-cytochrome bc 1 supercomplex within tubular membranes It has been proposed that the cytochrome bc 1 complex forms a stoichiometric association with the RC-LH1 dimer in tubular membranes (Jungas et al, 1999; Verméglio and Joliot, 2002) . Our refined tube purification procedure gave us the opportunity to test rigorously for the presence of the cytochrome bc 1 complex without any significant contaminating material. We tested for the cytochrome complex using silverstain SDS-PAGE ( Figure 3C ), reduced-oxidised difference absorbance spectroscopy ( Figure 4B ) and Western blot analysis ( Figure 3B ), and found no detectable amounts, although the cytochrome bc 1 complex was found in other membrane fractions, as expected. Our data point to tubes containing only RC-LH1-PufX complexes, irrespective of whether the cells were grown in the dark under oxygen limitation, or grown photosynthetically in the light. This raises the question of the location of the cytochrome bc 1 complex; even though it is not present in the tubular membranes, abundant quantities of this complex are found in both membrane fractions in the first sucrose gradient (e.g. Figures 3B and 4B ). It should be emphasised that our data do not prove that RC-LH1-PufXcytochrome bc 1 complexes do not exist, only that they are not to be found in tubular membranes.
Implications for the growth and physiology of purple bacteria Species such as Rs. rubrum and B. viridis lack a PufX analogue that facilitates quinol export from the RC. In such cases, it has been suggested that 'breathing' motions in the LH1 ring allow quinol passage because the ring is flexible (Karrasch et al, 1995; Jamieson et al, 2002; Fotiadis et al, 2004) . One critical factor for electron transfer is the state of reduction of the quinone pool, and its consequent ability to drive the Q-cycle within the cytochrome bc 1 complex . Under steady-state conditions, the redox balance (Frese et al, 2000) . The approximate location of the Q B site is indicated in yellow.
of the quinone pool will depend on the provision of quinol by the RC and on its depletion by oxidases and other complexes downstream of the cytochrome bc 1 complex (Verméglio et al, 1995) . Perhaps, in comparison with bacteria such as Rs. rubrum, Rb. sphaeroides requires an enhanced provision of quinol for the Q-pool because it is also depleted more readily, which in turn necessitates PufX.
The presence of at least two distinct in vivo membrane architectures -crystalline membranes with long-range order, and smaller non-crystalline vesicles -raises a number of questions. For example, what is the physiological role of each membrane type? How is it possible for arrays of RC-LH1-PufX complexes in tubes to reduce the Q-pool, and eventually the cytochrome bc 1 complexes, in a remote location? Given that measurements of electron transfer kinetics have been carried out on relatively crude membrane fractions without purification on successive rounds of sucrose gradients, how can differing kinetic models of electron transfer be reconciled with each other and with our structural data? The fact that many kinetic measurements have been carried out on LH2-containing membranes, which have a different morphology, complicates matters still further.
A supramolecular organisation has been proposed for the Rb. sphaeroides photosynthetic membrane (Verméglio and Joliot, 2002) , based on kinetic evidence (Joliot et al, 1989 (Joliot et al, , 1993 (Joliot et al, , 1996 and the ordering of complexes containing two RC-LH1 units in LH2
À strains (Jungas et al, 1999) . Notably, one 'supercomplex' model proposes a strict stoichiometry of two RCs to one cytochrome bc 1 complex, but Crofts and coworkers note rapid electron transfer between RC and the cytochrome bc 1 complex in strains presenting different stoichiometries (Crofts et al, 1998; Crofts, 2000a, b) . Crofts et al explain their kinetic data with a model in which local domains of photosynthetic complexes are distributed between small chromatophore vesicles. The concept of 'supercomplexes' remains a matter of controversy Crofts, 2000a, b; Verméglio and Joliot, 2000) . Nevertheless, the present work dispels the idea that LH2 À tubes contain RC-LH1-cytochrome bc 1 supercomplexes, but does not rule out supercomplexes in the other membrane fractions. It should also be borne in mind that present notions of supercomplexes are largely confined to extrapolations from electron transfer kinetics, with limitations imposed by the preparation of uncharacterised membranes, or by comparisons of data from membranes and whole cells (Joliot et al, 1997; Crofts et al, 1998) . The absence of cytochrome bc 1 complexes from tubular regions of invaginated membranes within the cell could preclude the transfer of quinol from these particular RC-LH1-PufX complexes to cytochrome bc 1 complexes in other membrane types or locations. An analysis of a related problem, the diffusion of plastoquinone from Photosystem II in plants to the cytochrome b 6 f complex, concludes that quinone diffusion can be greatly limited within the highly protein obstructed thylakoid membrane (Tremmel et al, 2003) . It can be calculated that the diffusion time for a quinone in a lipid-only tubular membrane 50 Â1000 nm in size is 0.5 ms, and that this time could be increased by several orders of magnitude in a protein-rich membrane. Given the known time of photoreduction of the cytochrome bc 1 complex (B0.5 ms; Crofts and Wraight, 1983) , it seems unlikely that RC-LH1-PufX complexes in tubes are able to photoreduce cytochrome bc 1 complexes on physiologically relevant timescales.
Conclusion
We have shown for the first time that PufX causes dimerisation of RC-LH1 complexes in vivo. The association of RC-LH1-PufX complexes into dimers has a profound effect on membrane morphology, leading to the synthesis of long helical tubes consisting entirely of dimeric RC-LH1-PufX complexes. We have been able to propose a location for the Q B site within the dimer that could allow access to interstices in packed membranes at a point where PufX is inserted in the LH1 ring. The other membrane fractions remain more challenging for structural analysis, and future experiments should address the organisation of RC-LH1-PufX complexes in these membranes and their interactions with other proteins such as the cytochrome bc 1 complex.
Materials and methods
Mutant preparation
The DD13/G1 double deletion strain (LH2
, which synthesises the green carotenoid neurosporene (Jones et al, 1992) , was complemented with RC-LH1 þ /ÀPufX genes as described . Transconjugants were grown semiaerobically in the dark on M22 þ medium supplemented with neomycin (20 mg/ml) and tetracycline (1 mg/ml).
Cell growth and sectioning
Selected mutants were grown under oxygen-limited conditions in conical flasks in the dark, by shaking at 80% capacity at 150 rpm at 301C. Cultures were subjected to an extra 48 h growth period upon reaching a cell density of B1.4 absorbance units at 680 nm. Photosynthetic cultures were grown photoheterotrophically in M22 þ medium supplemented with neomycin (20 mg/ml) at low light intensity (2 Â 60 W tungsten bulbs, B40 mE/m 2 /s 1 ) for 120 h at 301C. Cells were harvested by centrifugation at 4000 g for 25 min, washed twice in 1 mM Tris, 2 mM EDTA, pH 7.5, resuspended and frozen in membrane buffer (10 mM Tris, 20 mM EDTA, pH 7.5). Detailed methods for cell sectioning are described in the Supplementary material.
Membrane fractionation
Cells were supplemented with 500 ml of protease inhibitor cocktail per 25 ml of cells along with a few crystals of DNAse I prior to passage through a French press thrice at 3000 psi. Whole cells and cell wall material were pelleted at 10 000 g for 10 min. The supernatant was placed onto a 15/40/50% w/w sucrose/membrane buffer density gradient and spun for 4 h at 100 000 g. Band 2 (Figures 2A and D) was diluted 10-fold in membrane buffer and centrifuged for 4 h at 100 000 g. The pellet was resuspended overnight in 50 mM HEPES at pH 8 containing 0.03% a-dodecyl maltoside (DDM), gently homogenised and loaded onto a 30-50% w/w continuous sucrose gradient in 50 mM HEPES at pH 8 containing 0.03% DDM. Samples were centrifuged for 20 h at 200 000 g. Pigmented bands were harvested and frozen.
Purification of RC-LH1-PufX complexes DHPC (1,2-diheptanoyl-sn-glycero-3-phosphocholine) was added to membranes in the dark (absorbance at 880 nm of 60, 1 cm path length) with gentle stirring at 41C for 30 min. The solubilised material was applied to a continuous sucrose gradient (15-40% sucrose in buffer A) and spun at 150 000 g for 15 h at 41C. The RC-LH1-PufX band was harvested and applied to a DEAE anion exchange column (20 Â 70 mm). This was eluted with a gradient of buffer A (10 mM Tris, 1 mM EDTA, 3 mM DHPC, pH 7.9) and buffer B (300 mM NaCl in buffer A). The main peak, which contains the RC-LH1-PufX complex, corresponds to 250 mM NaCl. The best fractions judged from the 880:280 nm absorbance ratio (41.8) were concentrated and loaded on a gel filtration column (Hiload 16/60, Superdex 200 preparative grade). The column was washed with buffer C (50 mM NaCl in buffer A). Fractions with an 880:280 absorbance ratio of more than 1.9 were pooled and used for crystallisation. 2D crystals were reconstituted with Escherichia coli lipids at a lipid/protein ratio from 0.6 to 1.0 (w/w) as described previously (Qian et al, 2003) . Samples were applied to glow discharged carbon-coated grids and stained with 0.75% w/v uranyl formate. Micrographs were recorded at 100 kV on a Philips CM100 EM at B52 000 magnification on Kodak SO-163 film at an underfocus of B5000 Å . Films were digitised on a ZEISS SCAI scanner at a step size corresponding to 7 Å at the specimen.
Image processing
Images were processed using the MRC software (Crowther et al, 1996) . Image areas were extracted and floated into square arrays of 1024 pixels on a side. In general, reflections in Fourier transforms were indexed on two separate lattices from the bottom and top layers of the collapsed tubules. For vesicular crystals from PufX À strains, Fourier transforms generally only showed one lattice. Structure factors were not corrected for the effects of the phase and amplitude contrast transfer functions.
Atomic force microscopy
A stock solution of 2D RC-LH1-PufX crystals (0.5 mg/ml protein in 10 mM Tris-HCl, 1 mM EDTA, pH 7.9) was diluted 30-fold in 20 mM Tris-HCl, 150 mM KCl, 25 mM MgCl 2 , pH 7.8 (imaging buffer), and adsorbed for 20-30 min on freshly cleaved muscovite mica. The sample was gently washed with imaging buffer. Images were recorded with a Nanoscope Multimode microscope equipped with an infrared laser head, fluid cell, and oxide-sharpened silicon nitride cantilevers of 100 and 200 mm length, and nominal spring constants of 0.08 and 0.06 N/m from Olympus Optical Co. and Digital Instruments, respectively. Topographs were acquired in contact mode at minimal loading forces (p100 pN). Trace and retrace signals were recorded simultaneously at line frequencies ranging between 4.1 and 5.1 Hz. Perspective views of raw data were prepared using the SXM program (University of Liverpool, UK).
Supplementary data
Supplementary data are available at The EMBO Journal Online.
